2001.-The effects of hypergravity (HG) on soleus and plantaris muscles were studied in Long Evans rats aged 100 days, born and reared in 2-g conditions (HG group). The morphological and contractile properties and the myosin heavy chain (MHC) content were examined in whole muscles and compared with terrestrial control (Cont) age-paired rats. The growth of HG rats was slowed compared with Cont rats. A decrease in absolute muscle weight was observed. An increase in fiber cross-sectional area/muscle wet weight was demonstrated, associated with an increase in relative maximal tension. The soleus muscle changed into a slower type both in contractile parameters and in MHC content, since HG soleus contained only the MHC I isoform. The HG plantaris muscle presented a faster contractile behavior. Moreover, the diversity of hybrid fiber types expressing multiple MHC isoforms (including MHC IIB and MHC IIX isoforms) was increased in plantaris muscle after HG. Thus the HG environment appears as an important inductor of muscular plasticity both in slow and fast muscle types.
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Long Evans rats; soleus; plantaris; myosin heavy chain; contractile parameters MANY STUDIES HAVE INVESTIGATED the remarkable capacity of the muscular tissue to adapt to environmental stimuli. Among many factors, gravity has been shown to induce neuromuscular changes. For instance, skeletal muscles of rats are atrophied under unloading conditions during spaceflight or simulated microgravity, and the degree of the modifications is differential according to the muscle type and muscle function (7, 10) . The changes are greater in slow extensor muscles than in fast ones. In the soleus, which is a slow postural muscle, several changes have classically been described in the literature (7) after episodes of microgravity (real or simulated) as follows: 1) a muscular atrophy characterized by decreases in absolute muscle weight and fiber cross-sectional area (CSA); 2) a decrease in absolute and relative strength; and 3) a decrease in twitch contraction time confirmed by changes in histochemical (ATPase staining) and electrophoretic properties [contents in myosin heavy chain (MHC) isoforms; see Ref. 36] during which the soleus muscle changed into a faster type. In the plantaris muscle, which is the fast agonist of the soleus muscle, the following less drastic effects have been reported: 1) a slight muscular atrophy after simulated microgravity (4, 8, 39) ; 2) no change in the relative tetanic tension (4, 8) , and 3) no change (8) or an increase in time to peak (TTP; see Ref. 4) .
On the contrary, the impacts of a hypergravity (HG) environment on the muscular system were less substantiated. Until now, studies performed on cockerels or rats (young or adult) during short or long periods of HG exposure have described modifications in the body and muscular masses, protein synthesis rate, and RNA and enzyme activities (3, 6, 15, 21, 31) .
In most of the studies performed in HG, the animals were conceived and born in normal gravity and then exposed to HG. Presently, there are no data relative to the morphological, contractile, and biochemical behavior of muscles from rats born and reared in HG. Therefore, the aim of this work was to study the morphological muscle characteristics, contractile properties, and MHC content in two hindlimb extensor muscles [a slow one (the soleus) and its fast agonist (the plantaris)]. According to the function of these two muscles, we predicted that these muscles were more activated during HG and, probably, the soleus muscle became slower and the plantaris muscle became faster.
METHODS
Animal groups. Experiments were performed on 55 male Long Evans rats aged 100 days and divided into the following two groups: control rats (Cont, n ϭ 25) and HG rats (n ϭ 30). The 30 HG animals were selected from a population of the first generation derived from couples mated in the chronic centrifuge apparatus. After 15 days, males were taken off, and females stayed until weaning. We studied male rats descending from different littermates. The Cont rats were reared in conditions similar to those of the centrifuge, i.e., the same room, same dark-light cycle (12:12 h), and same temperature inside a standard home cage contained in a gondola. The contractile and morphological properties were determined in right soleus muscles of 11 Cont and 15 HG rats and in right plantaris muscles of 14 Cont and 15 HG rats.
The experiments and the maintenance conditions of the animals were approved by both the Agricultural and Forest Ministry and National Education Ministry (authorization 03805).
Centrifugation apparatus. The apparatus consisted of a velocity-controlled direct-current motor (3.5 kW) located in the vertical axis of the apparatus and driving two horizontal cross-arms (total length 165 cm) at constant rotation speed. Four free-swinging gondolas were jointed at the four extremities of the horizontal arms, 76.5 cm away from the axis of rotation; the gondolas were equipped with an aeration system, lights that reproduced a 12:12-h light-dark cycle, and standard home cages for rats. One gondola was equipped with a video system composed of a wide-angle video camera connected to a video monitor, which allowed knowledge of the exact birth date of litters and to allow control of the movement ability of the animals. During centrifugation, the gondolas were tilted at a constant angle of 60°from vertical, depending on the chosen speed. Counterclockwise rotations were done at a constant velocity of 3.81 rad/s. Given the mass and the inertia of the gondolas, including the home cages and the rat, this angular velocity led to 2-g resultant force. The resultant force was directly measured using a standardized force sensor at the center of the floor of the gondola.
During centrifugation, rats were subjected to a gravitoinertial force vector (Z vector) whose direction was always similar to that exerted in normal gravity (parallel to the dorsoventral axis of the animal), and magnitude was two times the normal magnitude exerted on Earth. Consequently, the rats were also subjected to Coriolis accelerations. The amplitude of Coriolis accelerations depended on the speed of animal locomotion within the home cage and led to a deviation of the rat movement trajectory.
For animal care (cleaning and feeding), the centrifugation was stopped for 15 min every week. Food and water were available ad libitum. Food intake was measured. No statistical difference was found between Cont and HG rats except during 7 days after weaning. At this period, the HG rats showed a slight decrease in food intake. However, after acclimation, the HG rats gained body mass at a rate similar to Cont, but their mass remained lower than Cont animals.
Surgical techniques and physiological measurements. The physiological studies were performed 1) in the right soleus of 11 Cont rats and 15 HG rats and 2) in the right plantaris muscles of 14 Cont rats and 15 HG rats. Animals were anesthetized with pentobarbital sodium (30 g/g). Supplementary doses were injected if necessary (15 g/g). Under deep anesthesia, assessed by the absence of blink reflexes, all of the muscles of the right thigh and lower limb were denervated, except the studied muscle (either the soleus or the plantaris). The dissected limb was fixed to maintain the isometric conditions and was immersed in a paraffin oil bath thermostatically controlled (37°C). The limb was stabilized by a combination of pins, clamps, and bars so that the muscle was maintained in a horizontal position. The muscle (soleus or plantaris) was isolated from surrounding tissues, and its tendon was sutured by a short 3.0 silk suture around a force transducer (FT 10; Grass). Its length was adjusted to produce a maximal twitch tension. The stimulating (Teflon-coated platinum, ø: 125 m) and reference (Teflon-coated platinum, ø: 250 m) electrodes were maintained by micromanipulators. Muscle contractions were induced through a stimulating monopolar electrode put under the soleus or the plantaris nerves. The reference electrode was inserted in the adjacent denervated muscle mass. The TTP and the half-relaxation time (HRT) were measured from the maximal twitch tension (P t) recording. A series of stimulation frequencies, from 20 to 120 Hz, was also applied and permitted to establish the force/frequency relationship from which several parameters could be determined, such as the maximal tetanic tension (P 0) obtained at 100 Hz and the ratios between unfused tetanic tension and fused tetanic tension: P 20/P0 (tetanic tension at 20 Hz divided by P 0) for the soleus muscle and P 40/P0 (tetanic tension at 40 Hz divided by P0) for the plantaris muscle, which are indicators of the muscle type (44) .
After the measurements of contractile properties, the soleus and plantaris muscles were excised, weighed, and divided into two parts that were frozen in isopentane precooled in liquid nitrogen. One of the two parts was used to determine the MHC isoform composition by SDS-PAGE analysis. On the second part, the muscle typing was established with immunohistochemical methods. After the experiments, animals were killed with a lethal dose of pentobarbital sodium.
Determination of MHC isoforms by SDS-PAGE.
The MHC isoforms were determined in five Cont and five HG soleus muscles and in five Cont and five HG plantaris muscles. The first part of the frozen tissues was pulverized under liquid nitrogen in a small steer mortar (30) . As already described (40) , the MHC composition in plantaris and soleus muscles was determined on a 4.5% glycerol stacking gel and on a 7.5% glycerol separating gel. Electrophoresis was run for 18 h at 12°C (180 volts constant, 13 mA/gel). After the gels were run, the gel slabs were silver stained. The relative proportion of each MHC isoform in each muscle type was determined using a scanning densitometer (Quantiscan Microvial Systems; Biosoft).
Characterization of muscle fiber types by immunohistochemistry. The fiber types were determined in five Cont and five HG soleus and in five Cont and in five HG plantaris muscles by ATPase staining, on which the muscle fiber types were assessed by immunolabeling of MHC isoforms. Frozen serial sections (10 m thick) were obtained in the second part of soleus and plantaris muscles. The myosin ATPase activity was revealed both with alkaline (pH 10.4) and acid preincubations (pH 4.3 and 4.45) according to the method of Guth and Samaha (13) . Additional sections were treated with a double preincubation (32) that differentiated, in a fast muscle, only fibers expressing MHC IIX. The sections were preincubated for 15 min at room temperature in a 20 mM glycine buffer solution containing 20 mM CaCl2 (pH 10.4). They were fixed for 3 min in a 2% methanol-free paraformaldehyde solution containing 0.2 M sodium cacodylate and 75 mM CaCl2 with 11.5% sucrose (pH 7.2) and then further preincubated for 15 min (room temperature) in a solution containing 0.1 M sodium acetate and 0.1 M potassium chloride (pH 4.5, adjusted with acetic acid). Washings with a solution containing 0.1 M Tris and 18 mM CaCl2 (pH 7.2) were made between preincubations and the fixation. Incubation was performed for 25 min at room temperature in a medium containing 40 mM glycine buffer, 20 mM CaCl2, and 2.5 mM ATP (pH 9.4). The sections were then rinsed with 1% CaCl2 and were stained with 2% CoCl2 and 5% (NH4)2S. For the immunohistochemically treated sections, the protocol has already been described in detail (29) . The following antibodies were used: NCL-MHCs (Tebu/Novocastra), which recognize MHC I; SC-71 (DSMZ) against MHC IIA; BF-F3 (DSMZ) against MHC IIB; and MY32 (Sigma) against MHC IIA, IIB, and IIX. These antibodies were diluted, respectively, at 1:20, 1:20, 1:10, and 1:2,000. The muscle typing was established on a total of 300 fibers/muscle immunologically identified in serial sections. The CSA of the fibers was also measured on ATPase sections using an image analyzer (Samba, Grenoble, France) on a minimum of 300 fibers/muscle (11 Cont and 15 HG soleus and 14 Cont and 15 HG plantaris).
Statistical analysis. All results are expressed as means Ϯ SE. For the two muscles, after a one-way ANOVA, the intergroup comparisons (soleus HG vs. Cont, plantaris HG vs. Cont) were performed using Student's t-test with a significance level of P Ͻ 0.05.
RESULTS
Morphological data. The morphological parameters are reported in Table 1 . The values of body weights (BW), absolute [muscle wet weight (MWW)], and relative (MWW/BW) muscle weights showed that, after 100 days of HG, the rats presented BW (Ϫ40%) and MWW (soleus Ϫ42%, plantaris Ϫ46%) significantly smaller than their age-paired Cont groups. However, when the results were expressed in terms of MWW/BW, the ratios were not significantly different compared with Cont data. The CSA of the fibers were measured on a minimum of 300 fibers/muscle: on slow fibers (expressing only the slow MHC I isoform) and on intermediate (int) ϩ fast fibers (expressing a combination of slow MHC I isoform with one or more fast MHC isoforms). With the aim to clarify the data and to perform a statistical analysis, these populations were expressed in terms of "slow type" and "int ϩ fast types." The absolute CSA of slow and int ϩ fast fiber types decreased significantly in each HG muscle when compared with paired Cont muscles. In the soleus muscle, the decrease reached 30% for the CSA of slow type fibers, whereas in plantaris muscle this decrease was 41 and 17% for the CSA of slow and int ϩ fast type fibers, respectively. On the contrary, when normalized to MWW, the CSA were increased significantly by 20% for the slow fibers in the HG soleus muscle and by 54% for int ϩ fast fibers in the HG plantaris muscle.
Contractile characteristics. The contractile parameters of Cont and HG soleus and Cont and HG plantaris are reported in Table 2 . After HG, the soleus muscles showed significantly increased values in kinetic parameters (TTP: ϩ51%, HRT: ϩ76%, P 20 /P 0 : ϩ19%). The absolute twitch and maximal tetanic forces were reduced significantly (Ϫ23 and Ϫ31%, respectively). On the contrary, when normalized to MWW, twitch and maximal tetanic forces increased (ϩ44 and ϩ9%, respectively). The plantaris muscle was differently af- Values are means Ϯ SE; n, no. of rats. Contractile parameters were reported as follows: TTP, time to peak; HRT, half-relaxation time; P20/P0 (P40/P0), tetanic tension obtained at 20 Hz (40 Hz) divided by the maximal tetanic tension; Pt/MWW, normalized twitch tension to MWW; P0/MWW, normalized maximal tetanic tension to MWW. * Statistical difference (P Ͻ 0.05) between HG and Cont group in a given muscle.
fected by an HG period, since TTP, HRT, and P 40 /P 0 were decreased (by Ϫ10, Ϫ42, and Ϫ20%, respectively). The absolute twitch and maximal tetanic forces were decreased (Ϫ28 and Ϫ44%), whereas normalized maximal twitch force increased significantly by 40% and maximal tetanic force remained unchanged.
Electrophoretic determination of MHC isoforms. An example of electrophoretic migration profiles is given in Fig. 1A . Four MHC isoforms were determined according to their increasing order of electrophoretic mobility (MHC IIA, IIX, IIB, and I). In a previous study (30) , we established the level of migration of these isoforms in our gels. Two MHC isoforms were detected in the Cont soleus [the predominant slow MHC I and the fast MHC IIA isoform (Fig. 1, lane 1) ]. After HG, the MHC IIA band disappeared (Fig. 1, lane 2) . Figure  1, lanes 3 and 4, show plantaris muscles for Cont and HG groups, respectively. The four MHC isoforms were expressed both in the Cont and HG plantaris muscles.
A densitometer analysis, presented in Immunological identification of muscle fiber types by their MHC content. The identification of muscle fiber types was performed by histochemistry associated with immunological staining. On serial sections, the fiber MHC isoform expression was determined in a total of 300 fibers/muscle. Figure 2 shows the antibody reactivity in Cont muscles [soleus (Fig. 2, 2 and 3) and plantaris (Fig. 2, 7-10) ] and in the HG muscles [soleus (Fig. 2, 4 and 5) and plantaris (Fig. 2, 12-15) ]. Positive fibers were characterized by a dark color; negative fibers showed no color, except for the antibody against MHC IIB in which negative fibers were slightly colored. The ATPase method, which allowed differentiation of fibers containing the MHC IIX isoform, is shown in Fig. 2, 1 (Cont soleus), 6 (Cont plantaris), and 11 (HG plantaris). The fibers that were weakly colored (light staining) did not express the MHC IIX isoform, whereas the dark fibers contained the isoform.
The Cont soleus muscles contained fibers that expressed the MHC I and IIA isoforms, whereas, after HG, the slow MHC I was only expressed. In these two groups, no type IIX was detected. In the Cont and HG plantaris muscles, the four MHC isoforms were expressed, since positive fibers were identified in all sections. Indeed, some fibers of the plantaris muscles showed a dark staining indicating the presence of MHC IIX.
Using the combination of enzyme histochemistry and immunochemistry, we were able to distinguish several MHC isoform coexpressions (Fig. 3) . The fiber types were classified according to their MHC expressions in 1) pure types, corresponding to the expression of only one MHC isoform, slow (I) or fast (IIA, IIX, or IIB), 2) hybrid types presenting two, three, or four MHC isoforms according to a coexpression order based on the "next-neighbor rule" i.e., I3 IIA3 IIX3 IIB, and 3) atypic hybrid types, corresponding to a coexpression of two, three, or four MHC isoforms with gaps in the transition order.
In the Cont soleus muscle, the following three fiber populations could be detected: two pure fiber types, the predominant type I (68%) and the type IIA (27%); and one hybrid population (5%) with MHC I and MHC IIA being coexpressed. After HG, only the pure slow type (100% MHC I) was identified in the soleus muscle.
The plantaris muscle showed multiple MHC isoform combinations. In the Cont plantaris, we distinguished four pure populations of fibers expressing either the MHC I isoform (11%), the MHC IIA isoform (32%), the MHC IIX isoform (2.6%), or the MHC IIB isoform (2.7%). Five hybrid types coexpressed multiple MHC isoforms according to the next-neighbor rule as follows: I3 IIA3 IIX3 IIB, i.e., I ϩ IIA32%, IIA ϩ IIX329%, IIX ϩ IIB36%, I ϩ IIA ϩ IIX30.25%, and IIA ϩ IIX ϩ IIB312.5%. Three atypic hybrid types were also detected as follows: I ϩ IIX30.25%, IIA ϩ IIB31.5%, and I ϩ IIA ϩ IIB30.2%.
In the HG plantaris, the pure fiber types represented a similar content as in Cont muscles (ϳ48%). However, the fibers containing MHC I and MHC IIA isoforms were decreased by 5.2 and 17.7%, respectively, whereas the fibers containing MHC IIX or MHC IIB were overexpressed by 12.6 and 11.5%, respectively. Concerning the hybrid types, a slight redistribution between the proportion in the different fiber types and an increase in the number of hybrid groups appeared. Moreover, the atypic hybrid fiber types appeared increased, and the proportion of such fibers reached 5% after HG.
DISCUSSION
This study presents, for the first time, the impacts of a long stay in an HG environment on rats submitted from their conception until 100 days postbirth to HG conditions. We chose to compare the effects of this long HG duration on two ankle extensor muscles [a slow one (the soleus) and its fast agonist (the plantaris muscle)]. Thus morphological, contractile properties and MHC contents of these muscles were analyzed. The primary findings showed that 1) the animal growth was slowed down, with associated decreases in the two muscle weights being observed, 2) the relative maximal tensions of the two muscles were increased after HG, and 3) the contractile properties of each muscle were modified according to changes in their phenotypes. Thus, after HG, the slow soleus became slower and the fast plantaris presented a higher proportion of pure fibers that expressed the fastest MHC isoforms (IIX and IIB). These main results were discussed and compared with those obtained in a real or simulated microgravity situations.
Effects of HG on morphological properties and muscle strength. The body weight of growing rats was significantly lower (Ϫ40%) under 2-g loading, and the mean absolute masses for soleus and plantaris muscles were also decreased by 42 and 46%, respectively. The effects of a 2-g environment on growing rats could appear relatively surprising. In fact, the physiological function of these two agonist muscles is an antigravity function (20) , and one may expect a hypergrowth under an HG situation. Our results showed a decrease in muscle weights. This may be the consequence of a decrease in protein synthesis resulting from the HG environment. Indeed, previous studies have demonstrated that HG induced, in growing rats, a marked decrease in the weight and muscular protein content (21) . However, our data showed that the ratio MWW/BW was unchanged after HG both in soleus and plantaris muscles. This result supported the hypothesis that HG induced a slowing down in the growth of the entire animal. This might be a consequence of a nutritional deficiency already described in HG conditions (11, 41) and/or a decrease in the muscle body fat reserves (11, 14) . Moreover, a transient elevation of circulating corticosterone that returns to control levels after 5 days was demonstrated during HG (27) . This increase in corticosteone triggered the lipolysis (for review, see Ref. 24) . Taking into account other data previously published, it also appeared that HG may have differential effects, depending on the species, age, and sex of the animals (rats) and the duration of HG. Indeed, Roy et al. (31) described in adult male Wistar rats submitted 2 wk at 2 g 1) no change in the absolute soleus and medial gastrocnemius muscle mass and 2) a significant increase of the relative muscle mass. On the contrary, Amtmann and Oyama (3) described, in female Sprague-Dawley rats, a decrease in body mass after a 810-day exposition at 2.76 g. These latter results are in agreement with our data.
Our results showed that, after HG, absolute values of CSA were significantly lower than age-matched Cont. Indeed, the absolute CSA of the slow fibers decreased in the soleus by 30%. In the plantaris, the CSA of slow and fast fibers decreased by 41 and 17%, respectively. However, the analysis of the normalized CSA (CSA/MWW) revealed, for each fiber type, an increase by 20% in the soleus (100% slow fibers) and by 54% in the fast fibers of the plantaris (95% of the total fiber content) after HG. Therefore, the fiber atrophy was exceeded by total body weight loss (and MWW) so that the ratio was increased. This could indicate that protein in the muscle was slightly spared compared with protein in other tissues. Moreover, it is not clear whether the water content was changed by 2-g conditions. The relative CSA would increase if muscle water was reduced, thus inducing an MWW decrease. Unfortunately, we have no measurement of the water content in our conditions. However, it has been reported that the water balance in rats exposed to a chronic centrifugation was not modified after 12 days of HG (26) . Finally, it should be pointed out that HG affected slow and fast fibers, whereas, in microgravity, atrophy was more developed in slow than in fast fibers (7, 10) .
Another aim of this study was to determine the effects of HG on the force level developed by the soleus and the plantaris muscles. Our results showed that absolute P t and P 0 significantly decreased in the soleus (Ϫ23 and Ϫ31%, respectively) and in the plantaris (Ϫ28 and Ϫ44%, respectively). When normalized to MWW, the maximal twitch forces increased in both muscles, and the maximal tetanic tension increased significantly only in the soleus. Previous studies (23) have suggested that cross-bridge formation involves intermediate steps in which the cross-bridge transforms from a low-to a high-force state. In microgravity, a decline in force per CSA could reflect a drop in the force level per cross-bridge and/or a reduction in the number of cross-bridges consecutive to a loss of myofibrillar protein (22) . Taking into account the increase in force after HG, we suggested that the force developed per cross-bridge was reinforced in HG conditions. However, we cannot rule out a supplementary hypothesis, i.e., a possible increase in the number of cross-bridges, perhaps because of an increased intracellular Ca 2ϩ concentration or because of a link to a modification in the filament lattice spacing, an hypothesis already proposed for microgravity (22) . These results thus clearly demonstrate the reverse of observations in microgravity, which first demonstrate either losses of forces (soleus muscle; see Ref. 7) or no change (plantaris; see Ref. 4) and, second, a much larger effect in slow than in fast muscles (44) .
Effects of HG on kinetics and fiber typing. In the soleus muscle, our results showed that the kinetic parameters were modified after a 100-day period of HG. TTP, HRT, and the P 20 -to-P 0 ratio significantly increased (ϩ51, ϩ77, and ϩ19%, respectively) and changed into those of a slower muscle type. The acquisition of slower contractile parameters was confirmed by the electrophoretic and histochemical profiles. Indeed, after this 2-g period, only the MHC I isoform was detected in all of the studied fibers. MHC IIA and type IIA fibers identified by SDS-PAGE and ATPase staining, respectively, and normally expressed in the Cont rats had disappeared in the HG soleus muscle. These results were in agreement with those of Martin (19) who observed that HG resulted in a progressive increase in the proportion of slow oxidative fibers, up to 100% in developing Sprague-Dawley rats, when the centrifugation was initiated at 30 days of age. On the contrary, using 60-day-old rats, Roy et al. (31) demonstrated that, after 2 wk at 2 g, the soleus of centrifuged rats had a slightly lower percentage of fibers expressing the MHC I isoform and a higher percentage of fibers (15 vs. 10%) that coexpressed type I and IIA MHC isoforms. Therefore, these differential effects might again be linked to the animals and to their developmental state when HG was applied. It has been demonstrated that, in the soleus muscle, the MHC isoforms and their mRNA expression were not modified during postnatal undernutrition (43) .
In the plantaris muscle, HG conditions induced decreases in TTP (Ϫ11%), HRT (Ϫ42%), and the P 40 -to-P 0 ratio (Ϫ20%). This acquisition of faster contractile properties could be related to the reorganization in the proportions of pure fibers, especially the increase in fibers expressing the fastest MHC isoforms (IIX and IIB). The HRT parameter has classically been described as dependent on the relative expression of the different sarco(endo)plasmic reticulum Ca 2ϩ (SERCA) isoforms (18) . The changes observed in HRT values, i.e., increase in the soleus muscle and decrease in the plantaris muscle, suggested that, after HG, the levels in the slow SERCA 2a isoform and the fast SERCA 1a isoform were overexpressed in the two muscles.
Consequently, both slow and fast muscles were affected by HG, whereas, in simulated or real microgravity, fast muscles were less modified than slow muscles. Indeed, in soleus muscles, a decrease in normalized force concomitant with a decrease in slow MHC and with an increase in fast MHC isoforms has been commonly described after microgravity (7, 10, 44) . In the unloaded soleus muscle, the decreases in TTP, HRT, and force were correlated with changes in SERCA kinetics and with a de novo appearance of fibers coexpressing MHC I and/or various MHC II isoforms (for review, see Ref. 25) . On the contrary, normalized tensions of fast muscles such as gastrocnemius, tibialis anterior, or extensor digitorum longus were maintained after microgravity (for review, see Ref. 7). Moreover, the myosin distribution was not modified in the medial portion of the gastrocnemius and tibialis anterior (25) . Thus it appears that HG had a more global impact than microgravity on the muscular system.
Effects of HG on the MHC repartition and their regulation.
Our results demonstrated that the HG environment had a real impact on MHC isoform transitions. After HG, the soleus muscle became slower, after the transition MHC IIA3 MHC I. Indeed, only the pure fiber type remained, expressing the MHC I isoform. On the contrary, in plantaris muscles, HG induced a subtle reorganization of the MHC expression within the pure and hybrid fibers without modification of the total content in each MHC isoform. We suggested that generally the transitions followed the nextneighbor rule as proposed by Pette and Staron (28) . Interestingly, in plantaris muscles submitted to HG, a larger amount of fibers (5% in HG vs. 1.5% in Cont conditions) presented atypic MHC expressions. The increase in fibers that coexpressed multiple MHC isoforms was characteristic of a muscle presenting a state of transition, as already described in spaceflight (2, 38) , after hindlimb unloading (9, 38) and electrical stimulation (34) . Thus all of the results indicated that HG induced changes in the expression of the MHC isoforms, since it was also described in microgravity. However, the results were the opposite. In fact, in real or simulated microgravity, the soleus muscle acquired fast MHC isoforms (36) , and few or no changes appeared in fast muscles (35) . Conversely, it is interesting to note that HG induced changes in the fast plantaris. The changes in MHC isoforms resulting from microgravity have been proven to be related to their different mRNA expression (36) . Therefore, we can suggest that the alterations in the MHC isoform content after HG could result from a modification in mRNA expression levels.
It has been well established that mechanical properties (17) and the myosin expression pattern (5) were dependent on motor innervation. It has been demonstrated that, in rat soleus muscle, the suppression of motor innervation induces an increase in fiber diversity (37) . Moreover, a neonatal denervation blunted the upregulation of MHC IIB in the plantaris muscle and of MHC I in the soleus muscle and shifted the pattern to greater expression of MHC IIA and IIX in both muscles (1) . In our conditions, the new myosin repartition after HG, in soleus and plantaris muscles, should be a direct consequence of a modification and/or an increase in the motor nervous message during HG. To support this hypothesis, it has been previously demonstrated that, during the two HG phases of parabolic flight, the electromyographic activity of the rat soleus muscle was immediately strongly increased (16) . This increase originated from the recruitment of new motor neurons, with a shift toward higher-amplitude units being observed. It can therefore be argued that, during the 100-day period of the 2-g environment, an increase in the recruitment of soleus motor neurons was achieved and influenced the myosin expression during development. Moreover, in terrestrial conditions, the extensor muscle activity of hindlimb is regulated by information originating from vestibular receptors. It has been demonstrated that, during spaceflight, this information is reduced (42) . Inversely, it is tempting to suppose that, during HG, the vestibular information was increased and therefore hindlimb muscles received an increased motor discharge. Moreover, it has been demonstrated in the rat, by using the Fos protein expression, that the otolith-vestibulo-olivar pathways are strongly activated by an increase of the gravitoinertial forces (12) .
Conclusion
Our results show that HG produced some inverse effects to those observed in real or simulated microgravity. Indeed, both soleus and plantaris muscles were affected by HG. The soleus muscle presented an increase in relative maximal tension and a change to a slower type, as a function of both kinetic parameters and MHC isoform expression. The fast plantaris became a faster muscle (kinetic parameters increased). Moreover, a new diversified repartition of the MHC isoforms was revealed in this fast muscle. Our results thus demonstrated that the slow and fast extensor muscles presented a specific adaptation to a chronic HG. Finally, in the soleus muscle, the changes seemed to be the result of a qualitative continuity from microto hypergravitational effects; for instance, microgravity induces decreases in force, TTP, and MHC I expression; additionally, 1 g represents normality and 2 g induces increases in force, TTP, and MHC I expression. In the plantaris muscle, this continuity rule did not fully apply since this fast muscle was slightly affected by microgravity.
Gathered together with data obtained in microgravity conditions, our results underline the importance of the gravity factor in muscle physiology.
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